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1.1 ABSTRACT
Forested wetlands are ubiquitous throughout New England providing critical ecosystem
services however; road deicing salt use (NaCl) threaten their ecosystem structure and function.
To investigate impacts, we employed a seed bank study and a multi-site field survey of forested
wetlands. We collected soils and conducted a full factorial seed bank experiment to test how road
salt concentration (0, 0.5, 1, 2, 4, 8 ppt), frequency of salt exposure (pulse, constant) and water
level (surface, 2 cm below surface) affected seedling responses. We identified a salinity
threshold of 1-4 ppt that reduced seed bank responses. We surveyed nine road-adjacent red
maple dominated wetlands in eastern Connecticut to quantify soil (Na+, K+, Mg2+, Ca2+, pH,
electrical conductivity (EC), heavy metals, total N, soil moisture) and water salinity. With
increasing distance from roads, soil salinity (EC, Na+) decreased, while soil base cation
concentrations increased, potentially due to cation exchange (Na+ displacing other base cations)
and after 14 months of water monitoring, surface- and ground- water salinity were well below 1
ppt. We characterized the vegetation (ground, shrub, tree layers) along transects 165 meters into
each wetland, but we did not observe strong vegetation spatial patterns with distance from road.
However, chronic exposure to road salt may alter plant health and community composition, as
we observed elevated Na+ and reduced Mg2+ of dominant species leaf tissue near roads. Our
study highlights that managers should consider constructed-roadside wetlands as a tool to filter
out road salt pollution, as to reduce degradation to naturally occurring wetlands.

viii

1.2 INTRODUCTION
Our increasing reliance on road deicing salts in the temperate north to keep up with the
demand for drivable roads year-round (FHA 1989, USGS 2015) has led to increased salinization
of freshwater ecosystems (Dugan et al. 2017a, Hintz and Relyea 2019, Kaushal et al. 2018).
Historically, the effects of deicing salts were considered ephemeral, only affecting road-adjacent
ecosystems during winter and spring thaw events, but increasing evidence indicates that the
legacy of road deicing salts is persistent (Hintz and Relyea 2019, Tiwari and Rachlin 2018).
While deicing salts are associated with the salinization of freshwater lakes, rivers, and streams
(Hintz and Relyea 2019, Kaushal et al. 2005, Kaushal et al. 2018, Kaushal et al. 2019), it is
unclear how road salt affects forested wetlands, which are important and ubiquitous freshwater
ecosystems that are abundant in regions with high road salt use.
Forested wetlands are the most abundant inland wetland type in the conterminous US and
second most abundant worldwide (Mitsch and Gosselink 2015), and provide many vital services
such as carbon sequestration, flood storage, water quality improvement, and wildlife habitat
(Brinson et al. 1981, Faulkner 2004). However, these services are increasingly threatened by
road fragmentation and urban development, both of which are large sources of road salt in the
temperate north (CT DEEP 2015, Faulkner 2004). Sodium chloride (NaCl), the most commonly
used road deicing salt (Burtwell and Oberg 2002, Environment Canada 2001, Mahoney et al.
2015), dissolves into its ionic components (Na+, Cl-) in meltwater. Na+ is typically retained in the
soil through cation exchange interactions as it adsorbs onto negatively charged soil particles at
exchange sites, whereas Cl- is a more mobile element cycling through surface- and ground- water
(Bryson and Barker 2002, Hill and Sadowski 2016, Li et al. 2015, Ramakrishna and
Viraraghavan 2005, Tiwari and Rachlin 2018). Road deicing salts enter adjacent ecosystems
through salt spray, groundwater infiltration, and surface runoff leading to elevated salinity levels
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in the soil, surface- and ground- water that persist throughout the year (Cassanelli and Robbins
2013, Richburg et al. 2001, Robinson et al. 2017).
Deicing salt inputs can have direct and indirect effects on ecosystem structure (plant
community composition) and function (biogeochemical properties). Elevated salinity can directly
impact roadside vegetation causing defoliation, foliar damage, and elevated Na+ and Cl- tissue
concentrations leading to reduced richness and abundance of native species (Bryson and Barker
2002, Gałuszka et al. 2011). Similarly, elevated salinity has been found to reduce the abundance
of zooplankton (Brock et al. 2005, Hintz et al. 2017) and survival of amphibians (Karraker et al.
2008), all of which are most sensitive during their early life stages. Salt-tolerant invasive species
can dominate road-adjacent areas with elevated salinity and altered soil chemistry at the expense
of endemic species (Wilcox 1986a, Wilcox 1986b). Deicing salts can also affect wetland soil
and water chemistry. Through cation exchange, Na+ can displace soil nutrients and metals
eventually reducing availability of nutrients to plants, as well as changing soil pH (Bäckström et
al. 2004, Green et al. 2008, Kim and Koretsky 2013, Lofgren 2001, Norrström and Bergstedt
2001). Road salt inputs can lead to persistently elevated surface- and ground- water Na+ and Cl(Cassanelli and Robbins 2013, Cooper et al. 2014), which may be particularly concentrated in
the surface water of shallow water bodies (Dugan et al. 2017b). Elevated soil Na+ changes soil
structure by mobilizing organic matter, reducing hydraulic conductivity, and eventually causing
soil compaction (Kim and Koretsky 2013, Norrström and Bergstedt 2001). Forested wetland
ecosystems in the northeastern U.S. are relatively unstudied and so the effects of road salt on
ecosystem structure and function are largely unknown.
Southern New England provides an ideal study system to understand the effects of road
salt on forested wetland ecosystems due to the abundance of forested wetlands (Golet et al.
1993), the intensive use of road salt, the highest density of road networks in the northeast
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(Mahoney et al. 2015), as well as the rapid expansion of exurban development (Clark et al.
2009). Occurring within the commuter shed of urban areas, exurban development is one of the
fastest growing land use types in the U.S. and is characterized by low density housing that
increases habitat fragmentation and developed land-wildland interfaces (Brown et al. 2005, Clark
et al. 2009). The high road-wetland interface and usage of road salt makes forested wetlands in
southern New England particularly vulnerable to road deicing salt effects.
To investigate the effects of road deicing salt on plant communities and biogeochemical
properties of red maple- (Acer rubrum, hereafter “RM”) dominated forested wetland in southern
New England, we employed a range of experimental and observational approaches. Our
objectives were to: (1) Examine salinity thresholds for RM forested wetland seed banks. Using a
greenhouse experiment, we examined salinity thresholds for seed bank responses. We expected
elevated salinity to decrease seedling emergence, with reduced salinity exposure via freshwater
pulsing (i.e., simulating thaw and rain events) to alleviate salt stress on seedling responses. (2)
Quantify road salt influence on soil and water chemistry of RM forested wetlands. To explore
the relevance of our identified salinity thresholds, we investigated in situ RM forested wetland
soil and water chemistry. We expected elevated salinity indices (i.e., soil Na+, electrical
conductivity (EC), water salinity) near the wetland edge (closest to the road) with increasing soil
base cation (Mg2+, Ca2+, K+) concentrations with distance due to cation exchange interactions
with Na+. We predicted surface water salinity to be more responsive to road salt inputs than
ground water with both having higher salinity at wetland edges. (3) Characterize plant
community composition of RM forested wetlands along distance from road gradients. To identify
potential shifts in plant community composition associated with road salt-induced changes to soil
and water chemistry, we surveyed the vegetation of nine wetlands along distance from wetland
edge gradients and we expected increased invasive and reduced native species (richness,
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abundance) near roads. (4) Investigate differential soil base cation (Na+, Mg2+, Ca2+, K+) uptake
in plant leaf tissues. To examine potential road salt-induced plant health effects of two dominant
species, we collected leaves from wetland edge and interior habitats and expected elevated Na+
and reduced Mg2+, Ca2+ and K+ at the wetland edge. Additionally, we expected species
differences due to varying road salt exposure associated with microhabitat preferences
(hummocks vs hollows).

1.3 METHODS
1.3.1 Study Sites
Red maple forested wetlands are the most prevalent subtype of forested wetlands in the
northeastern U.S. (Golet et al. 1993), occurring in a range of hydrologic regimes (Anderson et al.
1980). They are characterized as having a relatively open canopy, with well-developed shrub and
herbaceous layers, as well as distinct microtography with higher, drier hummocks and saturated
hollows each with a unique assemblage of species (Anderson et al. 1980, Mitsch and Gosselink
2015). We selected nine RM forested wetlands in eastern Connecticut (CT) that met our criteria
(Fig. 1a). We identified candidate RM forested wetland sites using the National Wetlands
Inventory (USFWS 1994) that were along state-maintained roads where road deicing salt
chemicals (NaCl, MgCl2) and application rates are consistent. CT Department of Transportation
(CTDOT) maintains 17,380 lane km of roads; before a storm, they apply 70 to 94 liters per lanekm of pre-treatment brine (NaCl and water) and during a storm event they apply 56 kg per lanekm of NaCl (pre-wet with MgCl2 and water) (Mahoney et al. 2015). Site topography and
hydrology were examined using StreamStats to ensure water was flowing from the adjacent road
into target wetlands (USGS 2012). We visited candidate sites in May 2017 to confirm that sites
were within 100 m of the road, drainage patterns flowed from the road into the wetlands, and that
the sites were RM dominated forested wetlands. We also collected preliminary surface water
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salinity measurements using a YSI EcoSense® EC300a (YSI, Yellow Springs, OH) along
perpendicular transects to identify surface water salinity gradients.
Our nine selected RM sites ranged in size from 6 to 111 acres (31.7 ± 11.0, mean ± 1
standard error). As roads are generally raised to reduce flooding, our wetlands were not directly
adjacent to roads but within 60 m (ranged from 8 to 60 m); all sampling started at the wetland
edge nearest to the road. Seven sites were in the Thames River watershed, while two others were
in the Connecticut River watershed (CT DEEP 2018). Watershed size averaged 833 ± 458
hectares and average percent impervious surface cover ranged from 0.5% to 13.6% (USGS
2012). Acer rubrum was the dominant tree species, based on total basal area, with Alnus incana,
Ulmus americana, Betula alleghaniensis, and Ilex verticillata as other commonly occurring tree
species. Our nine RM forested wetlands had a mean floristic quality index of 4.58 ± 0.08 (total
mean C equation; Swink and Wilhelm 1979) with a mean basal area of 25.1 ± 2.4 m2/ha.

1.3.2 Seed Bank Experiment
To examine a range of salinities on seed bank responses, we initiated a 4-month seed
bank experiment by collecting surface soils (10-cm depth) in February 2018 from the interior
(~90 m from wetland edge; relatively low soil Na+) of one of our RM forested wetlands. We
sieved soils through a 5-mm sieve to remove rhizomes and rocks, and then filled 1000 mL pots
(11.5-cm diameter, 14.1-cm tall) with 9 cm (725 mL) of autoclaved-sterilized play sand and
spread a 2-cm layer of sieved RM soil on top. Half of the pots had 0.95-cm holes drilled in them
for periodic drainage to manipulate salinity exposure; we used rubber stoppers to plug and
maintain water levels. We prepared a 50 ppt NaCl stock solution and diluted it as necessary to
apply designated salinity treatments.
We implemented a full factorial seed bank experiment, manipulating three factors:
salinity, water level, and exposure. To explore seed bank response salinity thresholds, we tested
six salinity treatments (0, 0.5, 1, 2, 4 and 8 ppt) that ranged from freshwater to a level we
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expected would be lethal, as studies documented that many freshwater aquatic macrophytes
cannot survive above 4 ppt of salinity (Hart et al. 1991, Nielsen et al. 2003). Red maple forested
wetlands typically have undulating microtopography with distinct saturated hollows and raised,
drier hummocks; therefore we tested two water levels (“surface”: 0 cm, at soil surface; “low”: ~
2 cm below soil surface) to investigate interactions between salinity and water level. Road salt
inputs may enter wetlands in pulses during freeze thaw events, or salinity levels may be
consistent, depending on the hydrologic regime. To investigate how differential exposure may
impact seed bank responses, we compared constant (exposed to a constant level of salinity) and
pulsed (salinity treatment maintained for 2 weeks, drained, pulsed with freshwater for 2 weeks,
drained, etc.) exposure treatments. We replicated each treatment combination four-fold for a total
of 96 experimental units (6 salinity treatments x 2 water levels x 2 exposure treatments x 4
replicates).
At the beginning of March 2018, we setup our seed bank experiment in a natural light,
unheated greenhouse where we monitored hourly greenhouse temperature using I-buttons
(Maxim Integrated, San Jose, CA), and water levels at least every other day. Pots were randomly
placed on greenhouse benches and re-randomized each month. We quantified seed bank
responses every two weeks (number of seedlings, species identification); seedlings were grouped
by morphology until species could be identified. Several morphotypes were grown beyond the
end of the experiment until floral development allowed us to identify them to species level. We
collected soil EC and moisture data once a month using a WET-2 Sensor (Delta-T Devices,
Cambridge, UK); data were averaged across the four months for data analysis. After four months
(end of June 2018), pore water samples were taken using a Henry Sampler and seedling biomass
was cut at the soil surface, dried at 65°C for 72 hours, and weighed to quantify aboveground
biomass. Porewater pH and EC were measured using an Orion Star A215 pH/Conductivity Meter
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(ThermoFisher, Waltham, MA). Over the course of the experiment, greenhouse average daily
maximum temperature was 30.3 ± 0.85°C and minimum was 16.2 ± 0.23°C.

1.3.3 Soil Sampling and Processing
To investigate road salt effects on soil chemistry at our nine RM forested wetland sites, in
June 2017 we sampled soils within six distance-from-road zones that began at the wetland edge
(0-15 m, 15-35 m, 35-60 m, 60-90 m, 90-125 m, 125-165 m). We expected a negative
exponential relationship between several soil parameters (i.e., Na+, EC) with distance from road,
so we sampled more intensively at the wetland edge and extended our sampling 165 m into the
interior encompass the less “road-affected” portion of each wetland (Pugh et al. 1996, Wilcox
1986b). In each zone (40-m wide), we collected three randomly located soil cores using a bulb
planter (10-cm depth, 5-cm width), composited them in the field, and transported them on ice to
the laboratory, where samples were stored at 4°C until further analysis.
To quantify soil moisture, we dried a subsample at 105℃ for ≥ 48 hours. Then, the dried
subsamples were sieved through a 2-mm mesh and pulverized using a ball mill. Soil
exchangeable cations (Ca2+, Mg2+, K+, Na+) were quantified by the Kansas State University Soil
Testing Lab using Inductively Coupled Plasma Spectrometry, after extracting samples with
ammonium acetate (MSU 1998). Soil concentrations of common urban metals (Zn, Cd, Cu, Pb,
Ni) and soil P were measured using an Inductively Coupled Plasma Mass Spectrometer (Agilent
7700x with He collision cell, Santa Clara, CA); soils were acid digested (70% HNO3 and 30%
H2O2) following Method 3050B (EPA 1996). We quantified soil %C and %N using a Costech®
4010 Elemental Analyzer (Valencia, CA).
Using 2-mm sieved field moist subsamples, we quantified several wet chemistry
parameters. To measure soil pH and EC, we diluted 15 g of soil with 30 ml deionized water (1:2
slurry) and used a Hach® sensION+ Field Kit (Hach, Loveland, CO) following standard
methods (Robertson et al. 1999). Soil ammonium nitrogen (NH4-N) and nitrate + nitrite nitrogen
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(NOx-N) were extracted by mixing 2.5 g of soil with 25 ml of 2N KCl; solutions were shook at
200 rpm for 30 minutes, centrifuged at 2500 rpm for 5 minutes, and supernatants were filtered
through Whatman 589/1 filters (adapted from Keeney and Nelson 1982). Extracts were analyzed
using a SmartChem®200 discrete analyzer (Unity Scientific, Milford, MA) following EPA
methods 353.2 and 350.1 (EPA 1993a, EPA 1993b).

1.3.4 Water Quality Monitoring
To explore road salt effects on water chemistry, we quantified water salinity levels over
time. We installed surface- (30.5-cm deep) and ground- (91.4-cm deep) water wells at the
wetland edge of a site we identified as having a strong salinity gradient. In-Situ® Aqua
TROLL® 200 (In-Situ, Fort Collins, CO) loggers were installed to monitor hourly water depth,
EC, and salinity (ppt) in surface- and ground- water wells from February 2018 to April 2019. We
removed the surface water logger for two months (July to September). We also monitored
barometric pressure using an In-Situ® Rugged TROLL® 100 to calculate water depths. Data
were downloaded using Win-Situ® 5 (version 5.6.32.1) software (Win-Situ® 5 2018).
To better understand how road salt inputs may flow through RM forested wetlands, we
characterized spatial and temporal patterns of surface- and ground- water interactions, as well as
salinity, EC, and pH. At three RM sites, we installed three pairs of surface- and ground- water
wells near the wetland edge and in interior (~ 90 meters from the wetland edge) environments in
May 2018 (3 sites x 3 well pairs x 2 distance zones = 18 well pairs). We collected depth to water
data from each well every two weeks from May to November 2018. We used hydraulic gradient
threshold of ± 0.02 to determine if there was horizontal flow; anything higher or lower was
considered vertical flow. Water samples were collected from each well twice per season and then
after several snowstorm thaw events during winter 2018-2019. Water samples were centrifuged,
filtered (110-mm diameter Whatman paper), and measured for pH and EC using an Orion Star
A215 pH/Conductivity Meter. Daily precipitation data were downloaded from the National
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Oceanic and Atmospheric Administration’s Hartford Bradley International Airport, CT US
station (NOAA 2019).

1.3.5 Vegetation Sampling
To examine relationships between soil chemistry and plant community composition in
roadside forested wetlands, we quantified canopy, shrub, and ground layer vegetation at our nine
RM sites during July and August 2017. Our preliminary analysis of soil Na+ and EC
demonstrated that zones closest to the road (0-15 m, 15-35 m), middle zones (35-60 m, 60-90 m)
and farthest interior zones (90-125 m, 125-165 m) were similar, thus we collapsed the six
distance-zones established for soil collecting into three zones (0-35 m, 35-90 m, 90-165 m) for
the vegetation survey (Fig. 1b). We quantified tree (> 10-cm circumference at chest height
(CCH)), shrub (≤ 10-cm CCH, ≥ 1.5-m tall), and ground layers (< 1.5-m tall) using a nested plot
design (Fig. 1c). Within each of the three distance-zones at each site, we centered three nested
plots where we had previously collected soil (9 sites x 3 distance-zones/site x 3 nested vegetation
plots/zone = 81 nested vegetation plots).
To characterize the tree layer, we used the point-centered quarter method (Mitchell
2007); briefly, for the closest tree in each cardinal direction, we recorded tree species and
quantified CCH and distance from plot center (m) (Fig.1c). The shrub layer was quantified by
counting stems for each shrub species within a 4-m radius circular plot originating from plot
center (Fig. 1c). We surveyed the ground layer using 4 x 4-m square plots; were we identified
ground layer species, and estimated percent cover to the nearest 5% (Fig. 1c). Species with less
than 5% cover were estimated to the nearest 1%. At each plot, we also quantified several other
environmental parameters; we visually estimated percent bare ground and percent hummock to
characterize microtopography, measured water depth above the soil surface, and used a
densiometer to estimate canopy cover. We conformed to naming conventions used by the USDA
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Plants Database and further categorized plant species into functional groups based on native
status, growth habit, and life-history traits (USDA 2018).

1.3.6 Plant Tissue Sampling
To examine how base cation (Ca2+, Mg2+, K+, Na+) tissue concentrations differed
between wetland edge (0-35 m) and interior (90-120 m) environments, we collected leaf tissue
from two ubiquitous species of RM forested wetlands with distinct growths forms: a woody tree
typically occurring on hummocks - Acer rubrum (red maple), and a herbaceous species common
in inundated hollows - Symplocarpus foetidus (skunk cabbage). We chose to sample three of our
RM forested wetlands that had the most distinct negative exponential relationship between
indices of soil salinity (i.e., Na+, EC) and distance from road. In August 2018, we collected
leaves from five haphazardly chosen individuals of each species in edge and interior locations; ~
20 A. rubrum leaves were collected from the lower canopy using pole clippers, ~ 3 leaves were
collected from each S. foetidus. Leaf samples were dried at 65°F for 72 hours, ground using a
coffee grinder, and sent to Clemson University Agricultural Service Laboratory for base cation
analysis, via acid digest (HNO3 and 30% H2O2) and Inductively Coupled Plasma Spectrometry
(Clemson 2018).

1.3.7 Statistical Analyses
Statistical analyses were conducted using R version 3.5.1 along with RStudio version
1.1.456 (R Core Team 2018). The normality of all response variable residuals was tested using
Shapiro-Wilk tests and improved using log-10, square root, or exponential transformations when
necessary. We used an alpha level of 0.05 to determine statistical significance, although we
considered p-values between 0.05 and 0.1 to be potentially biologically significant.
To examine differential seedling and soil responses to our manipulated salinity, water,
and exposure treatments (and their interactions) in our seedbank experiment, we used three-way
Analysis of Variance (ANOVA). For significant factors, we used Tukey HSD tests to determine
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differences among treatment levels. Some pots were removed to calculate Shannon’s Index as
they had no vegetation.
Soil and plant community parameters, as well as plant tissue base cation concentrations
were analyzed with linear mixed effects models using the “lmertest” and “lme4” package in R
(Bates et al. 2015, Kuznetsova et al. 2017). To assess how soil, plant community parameters and
tissue cation concentrations varied with distance from road, we tested distance from road (fixed
effect) and included site as a random factor. For the leaf tissue, cation analysis, we analyzed the
two species (A. rubrum and S. foetidues) separately because we were interested in overall base
cation, tissue concentrations with distance from road trends, not species-specific tissue
concentration differences.
Hourly well monitoring data were averaged by day and temporal trends were examined
alongside precipitation data. To compare pH and EC data between samples from wetland edge
and interior environments, as well as, surface- and ground- water, ANOVAs were used. To
examine how vertical flow of surface- and ground- water changes throughout the year, we
examined trends over time.
PC-ORD version 5.31 was used to calculate plant community summary statistics (species
richness, evenness, Shannon’s Index, Simpson’s Index, ground cover, shrub stem density) and to
conduct ordination analysis on the ground and shrub community, as well as, functional group
composition (McCune and Medford 2006). To explore plant community and functional group
composition patterns along environmental gradients, we used nonmetric multidimensional
scaling (NMS) ordination with the “slow and thorough” autopilot setting with Sørensen’s
distance measure. Percent cover data was relativized by species maximum and transformed with
arcsine square root transformation to improve normality. We used a two-way PERMANOVA to
test for differences in the plant community composition among the three-wetland zones (0-35m,
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35-90m, and 90-165m) and across the nine RM sites, as well as the significance of their
interaction. Additionally, we used Indicator Species Analysis of functional groups to evaluate
whether similar groups of species were indicative of a wetland site or zone based on species
presence and abundance.

1.4 RESULTS
1.4.1 Seed Bank Experiment
Our salinity treatments affected several seedling responses including species richness,
Shannon’s Index, maximum seedling density, and aboveground biomass (Fig. 2, Table 1).
Species richness (< 2 ppt: 6.7 ± 0.2, ≥ 2 ppt: 2.5 ± 0.3), Shannon’s Index (< 2 ppt: 1.6 ± 0.03, ≥ 2
ppt: 0.9 ± 0.1) and aboveground biomass (< 2 ppt: 0.3 ± 0.01 g, ≥ 2ppt: 0.1 ± 0.01 g) were
reduced with salinity treatments ≥ 2 ppt compared to 0 ppt freshwater controls, whereas
maximum seedling density was reduced at ≥ 4 ppt (< 4 ppt: 28.3 ± 1.3, ≥ 4 ppt: 9.9 ± 1.2) (Fig.
2). Exposure treatments also affected species richness and maximum seedling density (Table 1).
Relative to constant salinity, pulsing treatments increased species richness (pulsing: 4.9 ± 0.4,
constant: 4.3 ± 0.4), maximum seedling density, (pulsing: 23.6 ± 1.9, constant: 20.7 ± 1.7) and
aboveground biomass (pulsing: 0.18 ± 0.02 g, constant: 0.16 ± 0.02 g). Water level affected
maximum seedling density and Shannon’s Index (Table 1). Interestingly, surface water levels
elevated maximum seedling densities (surface: 24.3 ± 1.7, low: 19.9 ± 1.9) but decreased
Shannon’s Index (surface: 1.2 ± 0.1, low: 1.4 ± 0.1) relative to low water. Exposure treatments
had distinct effects on species richness and aboveground biomass with increasing salinity due to
an interactive effect (Table 1). Similarly, exposure and water level treatments had an interactive
effect on maximum seedling density and aboveground biomass (Table 1). Salinity and water
level interactively effected aboveground biomass and Shannon’s Index (Table 1).
As expected, salinity treatments altered soil EC (F5,72 = 723.7, p < 0.01), with all
treatments having significantly different EC values. Exposure (F1,72 = 19.3, p < 0.01) treatments
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also influenced soil EC with constant salinity having higher soil EC than pulsing salinity
(constant: 2693.3 ± 250.3 µs/cm, pulsing: 2657.6 ± 292.4). In addition, surface water levels had
greater soil EC than low water treatments (F1,72 = 17.4, p < 0.01; surface: 2909.9 ± 311.4 µs/cm,
low: 2441.0 ± 221.0 µs/cm) and constant salinity had higher soil EC than pulsing salinity
(constant: 2693.3 ± 250.3 µs/cm, pulsing: 2657.6 ± 292.4 ). Soil moisture was altered by salinity
(F5,72 = 28.6, p < 0.01), exposure (F1,72 = 14.7, p < 0.01), and water level (F1,72 = 121.2, p < 0.01)
treatments. Soil moisture increased with the concentration of salinity treatments, likely due to the
collapse of soil structure at higher concentrations (0 ppt: 46.2 ± 0.5 % vol, 8 ppt: 53.1 ± 1.0 %
vol). Surface water and constant salinity treatments also had higher soil moisture than other
treatments. Soil pH was only affected by the exposure treatment (F1,72 = 40.4, p < 0.01), with
higher soil pH with pulsing than constant salinity (pulsing: 7.9 ± 0.05, constant: 7.6 ± 0.04).
Salinity and water level had an interactive effect on soil EC (F5,72 = 11.2, p < 0.01) and soil
moisture (F5,72 = 5.5, p < 0.01), therefore the two water levels had distinct trends with increasing
salinity for these seed bank responses. Exposure treatments had different effects on soil EC (F5,72
= 10.3, p < 0.05), pH (F5,72 = 4.3, p < 0.01), and moisture (F5,72 = 3.1, p < 0.05) with increasing
salinity due to an interactive effect. Water level and exposure treatments had an interactive effect
on soil pH (F1,72 = 3.2, p < 0.1) and soil moisture (F1,72 = 13.4, p < 0.01).

1.4.2 Soil Chemistry
As expected, we observed elevated soil EC (t44 = -2.71, p < 0.01) and soil Na+ (t44 = 3.22, p < 0.01) close to the wetland edge and road (Fig. 3a). Soil Ca2+ and Mg2+ concentrations
increased with distance from the wetland edge, though Ca2+ (t44 = 2.87, p < 0.01) increased more
dramatically than Mg2+ (t44 = 1.92, p = 0.06) (Fig. 3b). Interestingly, soil K+ was not correlated
with distance (t44 = 0.16, p = 0.8), nor was soil moisture, pH, or % C (Table 2). Soil nitrogen
(NH3, NOx, % N) was low across all sites and we observed no relationships with distance from
wetland edge (Table 2). Of the urban metals (Zn, Cd, Cu, Pb, Ni) and P we measured, only Zn
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varied with distance, with elevated concentrations in wetland interiors (t42.06 = 2.245, p < 0.05)
(Table 2). Pairwise comparisons of soil chemistry parameters among the six distance-zones did
not differ from one another (p > 0.1).

1.4.3 Water Monitoring Trends
From February (when we first installed wells) to December 2018 in eastern CT, average
maximum and minimum temperatures were within CT’s 30-year average range, however
snowfall totals were 10 inches above average (NOAA 2019). In 2019, (January to April, when
data collection ceased) average maximum and minimum temperatures and total snowfall were
within CT’s 30-year average (NOAA 2019).
For the two wells that were monitored hourly over a 14-month period, salinity ranged
from 0.013 to 0.388 ppt, EC ranged from 31.289 to 795.41 uS/cm (Fig. 4), and depth to water
ranged from -0.41 to 0.45 meters. Salinity and EC did not differ (p > 0.05) between our surfaceand ground- water well, however our surface water well had a larger range of values with a
coefficient of variation (CV) of 40.3% compared to a CV of 28.7% for the ground water well.
Water chemistry differed spatially with higher EC at the wetland edge near the road
(edge: 459.1 ± 22.3 µs/cm, interior: 348.0 ± 16.6 µs/cm; F1,170 = 17.27, p < 0.001) and lower pH
(edge: 6.1 ± 0.04, interior: 6.2 ± 0.04; F1,170 = 3.91, p < 0.05) than water in the wetland interior.
Water pH was higher in ground than surface water wells (F1,170 = 4.79, p < 0.05; groundwater:
6.3 ± 0.04, surface water: 6.1 ± 0.04).
We did not detect spatial patterns in vertical flow when comparing the wetland edge and
interior environments, but variations in groundwater recharge/discharge were apparent with time
of year with more discharge occurring during the summer when conditions were drier (Fig. 5).

1.4.4 Plant Community Composition
We did not detect differences with distance from wetland edge when comparing ground
layer community composition summary statistics (species richness, evenness, Shannon-Wiener
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index, Simpson’s index, percent cover, invasive and native percent cover, invasive and native
species richness; Table 3). The NMS ordination of our 81 ground layer plots had a 3-dimensional
solution that explained 75.6% of the variation. Axes 2 (24.4 %) and 3 (34.8 %) accounted for
most of the variation but, there was no separation in ground layer community composition across
distance-zones (Fig. 6a). When analyzed by site, distinct clusters were apparent suggesting
similar ground layer communities within sites (Fig. 6b). Vector overlays of environmental data
indicated that soil (soil % C, % N, moisture, Zn, pH) and landscape factors (average %
impervious surface cover in watershed) were associated with ground layer community
composition across sites (R2 ≥ 0.2) (Fig. 6). PERMANOVA analysis supported ordination results
as there were no differences in community composition among the three distance-zones (F2,54 =
1.2, p > 0.05), but ground layer community composition differed across RM sites (F8,54 = 6.9, p <
0.001). The interaction between site and zone was significant (F16,54=1.5, p < 0.001), however it
accounted for only 9% of variation in the dataset.
We observed similar patterns for shrub and functional group ordinations, with no distinct
patterning with distance wetland edge, but with strong differences among sites. Interestingly,
Indicator Species Analysis of plant functional groups showed that annual herbaceous invasive
plants (IV = 31.3, p < 0.01) were indicative of the zone closest to the road (0-35 m).

1.4.5 Plant Leaf Tissue Base Cations
Similar to our field soil cation findings, we observed greater Na+ (t28 = -4.69, p < 0.001)
and reduced Mg2+ (t26 = 1.88, p = 0.07) in S. foetidus leaves from the wetland edge, relative to
leaves sampled ~90 m into the wetland interior (Fig. 7). In A. rubrum leaf tissues, we did not
detect differences in leaf Na+ (t28 = -0.36, p > 0.05) between edge and interior environments, but
did observe elevated Mg2+ (t26 = 2.90, p < 0.01) in interior areas (Fig. 7). Ca2+ and K+ leaf
nutrient concentrations did not differ between edge and interior environments for either species.
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1.5 DISCUSSION
Forested wetlands are ubiquitous components of the New England landscape that store
floodwaters, accumulate sediment and filter out pollutants (Brinson et al. 1981, Faulkner 2004,
Golet et al. 1993), but are increasingly subjected to road salt pollution. The goal of our study was
to elucidate how road salt inputs alters forested wetland structure and function in the exurban
landscape of eastern CT. We found that road deicing salts legacies persist beyond winter,
influencing soil chemistry into summer with elevated soil EC and Na+ and reduced base cations
(Mg2+, Ca2+) in road-adjacent wetlands. However, we found little evidence of altered plant
community composition associated with road-salt induced changes in soil and water chemistry,
likely because water salinities did not exceed 0.4 ppt in the field, which is far below the seed
bank threshold range of 1 to 4 ppt we identified using a seed bank experiment (Fig. 2). Chronic
exposure to elevated salinity may ultimately affect plant health, as we observed elevated leaf
tissue Na+ and reduced Mg2+ in road adjacent individuals of S. foetidus which may have
consequences for the efficiency of plant physiological processes. Our study adds important
insights into how road salt pollution affects forested wetlands in exurban southern New England.

1.5.1 Road Deicing Salt: Legacies, Indirect Effects, and Thresholds
Road Salt Legacies:
We observed a persistent road salt signature in forested wetland soils into early summer,
indicating that road salt applications have a legacy effect beyond the winter season. As expected,
we observed retention and storage of the Na+ ions and elevated soil EC near roads, similar to
other roadside, grassland, bog, and fen studies (Bryson and Barker 2002, Lee and Power 2013,
Panno et al. 1999, Richburg et al. 2001, Wilcox 1986b). However, our range of soil Na+ was
broader (37 to 1226 ppm) than other studies and among the highest values reported. Soil type is
an important driver of Na+ retention capacity, with soils high in organic matter and cation
exchange capacity able to retain and store large quantities (Robinson et al. 2017). As most
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wetlands have organic-rich soils and are prevalent throughout the northeastern U.S., chronic
exposure to road salt inputs may jeopardize their capacity to perform key ecosystem services.
Repeated annual exposure to road salt may lead to negative changes in soil structure via
dispersion, reducing the ability of soil to retain Na+. Nevertheless, constructed roadside wetlands
or detention basins may help mitigate road salt effects and filter out contaminants.
Elevated salinity may persist year-round as plumes of road salt (mainly Cl-) flush through
watersheds (Cassanelli and Robbins 2013, Robinson et al. 2017). We monitored surface- and
ground- water salinity (which is highly correlated with Cl- concentrations; Granato and Smith
1999) over the course of 14 months at one of our sites in eastern CT and observed road salt
signatures well beyond the winter application period. Surface water reached its lowest salinity
level in September 2018, a full five months after the last road salt application, but ground water
salinities did not bottom out until January 2019, likely because of longer retention times and less
direct interaction with precipitation events. Salinity fluctuations were more pronounced during
winter and early spring months with salinity levels generally decreasing slowly throughout the
spring and summer. We also observed lag between snow events and salinity pulses suggesting
road salt laden meltwater associated with thaw events as the source of elevated salinity (Fig. 4)
Indirect effects:
In contrast to patterns in Na+ and EC, we saw increased soil base cation (Ca2+, Mg2+)
concentrations with distance wetland edge, most likely due to cation exchange with Na+ from
road salt inputs. As Na+ ions from road salt enter the soil solution, they displace base cations
from soil particle, exchange sites and eventually enter surface- or ground- water flow (Robinson
et al. 2017). Another potential mechanism explaining increased soil base cation concentrations
with distance from road is an increased influence of cation-rich groundwater (Rogers 1989), but
our data do not support this. We compared surface- and ground- water vertical flow patterns and
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observed that groundwater influence depended more on the time of year rather than distance
from road, for example the groundwater was mostly discharging during dry conditions in the
summer. Concerningly, at certain times of the year the salinized surface water was recharging the
ground water (36% of the sampling time) potentially exacerbating the issue of already salinized
groundwater. Increased Na+ on soil exchange sites cause deleterious effects on soil structure and
fertility by mobilizing organic matter and heavy metals, reducing hydraulic conductivity,
changing pH, and reducing nutrient availability (Amrhein et al. 1992, Bäckström et al. 2004,
Norrström and Bergstedt 2001, Willmert et al. 2018). Interestingly, we did not find differences in
%C, pH, NH4+, NOx-, or metals (with the exception of Zn) in areas with elevated soil Na+,
possibly because our sites had relatively organic soils (24.0 ± 1.7% C) or were in relatively less
developed watersheds that receive fewer metal and road salt inputs.
A reduction in plant macronutrients (Ca2+, Mg2+) and increase in Na+ in road-adjacent
soils can have major ecosystem consequences for plant community composition. Several studies
have documented increased invasive species and reduced native species abundance associated
with road salt induced decreases in nutrient availability (Panno et al. 1999, Skultety and
Matthews 2017, Wilcox 1986a) and altered soil structure (Willmert et al. 2018). Surprisingly,
we did not find a correlation between soil Na+, EC, or proximity to road with invasive species
abundance, richness, or evenness. In fact, invasive species made up only a small percentage (~
5%) of species across our nine RM forested wetland sites. This is probably due to forested
wetlands having high canopy cover with reduced light availability, both of which have been
found to hinder the encroachment of most wetland invasive species (Houlahan et al. 2006, Zedler
and Kercher 2004). However, we did observe altered leaf nutrient concentrations of two
dominant RM forested wetland species. Both A. rubrum and S. foetidus had reduced leaf Mg2+
concentrations in wetland edges, which can have deleterious consequences for photosynthesis
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efficiency (Clarkson and Hanson 1980). Herbaceous S. foetidus, which typically occurs in lowlying hollows (vs. hummocks dominated by A. rubrum), also had elevated leaf Na+ in near-road
habitats, suggesting that habitat microtopography may affect species exposure to and uptake of
Na+-enriched waters. As one of the first regional species to emerge in the spring (Williams
1919), S. foetidus may also be particularly susceptible to Na+-enriched waters during winter thaw
events. In addition, the forested wetland vegetation may able to tolerate higher levels of soil Na+
and accumulation in plant tissues due to reduced exposure during leaf off. Bryson and Barker
(2002) found that deciduous roadside vegetation (i.e., maple and herbaceous species) were
relatively tolerant of high leaf Na+ concentrations compared to evergreen species, with certain
species showing no damage with a leaf Na+ range of 1700-4000 ppm; our leaf Na+ range was
much lower (13 - 566 ppm).
Thresholds:
Most freshwater organisms are sensitive to slight salinity changes in soil and water,
necessitating allocation of energy to regulate osmotic balance, with particularly high sensitivity
during early life stages (Herbert et al. 2015, Nielsen et al. 2003). For example, salinities ≥ 1 ppt
decrease the abundance and richness of aquatic plants and zooplankton (Brock et al. 2005), as
well as salamander egg health (Hopkins et al. 2013); however, thresholds can vary across taxa
and wetlands with varying hydrologic regimes. We identified salinity thresholds ranging from 1
to 4 ppt in RM forested wetland seed banks, beyond which we observed reduced vascular plant
seedling richness and aboveground biomass. Similar to Nielsen et al. (2007), we found that
pulses of high salinity (vs. consistently high concentrations) reduced deleterious effects on
seedling richness across most salinity treatments. Our pulsing treatments were likely more
representative of in situ RM forested wetland seed bank salinity exposure rates during the winter
and early spring seasons, with periodic high salinity levels during storm and thaw events which
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may mitigate effects of salinity exposure. However, depending on hydrologic regime, salinity
levels can remain high year-round or become concentrated when evaporation rates exceed
precipitation during summer or early fall. Since we did not observe field surface- or groundwater salinities exceeding our minimum threshold of 1 ppt, this is a plausible mechanism
explaining why we did not detect shifts in plant community composition along road-salt induced
soil chemistry gradients. However, as road density and deicing salt usage increases, it is possible
this threshold may be surpassed even in exurban landscapes.
In addition to salinity thresholds in seed bank responses, we observed distance thresholds
for several soil chemistry responses, which appear to vary based among systems with different
hydrologic regimes. We found that soil EC and Na+ levels decreased and then plateaued ~ 50 m
from wetland edges, whereas soil base cation (Mg2+, Ca2+) concentrations increased and then
leveled off ~ 75 m. Our study was unique in that we examined salinity indices across many sites
(n=9) whereas most studies are based on a single site. For example, Pugh et al. (1996) observed
road salt (Na+, Cl-) signatures in the water chemistry of a bog persisted 150 m from the road,
whereas base cations leveled out further from the road (~ 225 m). In a wetland complex
consisting of a fen and forested wetland, surface water Na+ and Cl- were elevated as far as 600
m from the road (Richburg et al. 2001) whereas along roadsides, elevated soil Na+ was only
found within 10 m of the road (Bäckström et al. 2004, Bryson and Barker 2002). Wetlands are
low-lying areas in the landscape many with surface- and ground- water flow, allowing road salt
to penetrate farther into the ecosystem than upland habitats (e.g. roadsides).

1.5.2 Forested Wetland Plant Community Composition: Patterns and
Environmental Relationships
Patterns:
In contrast to other studies (Panno et al. 1999, Skultety and Matthews 2017, Wilcox
1986a), we did not observe plant community shifts associated with underlying differences in
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road-salt induced soil chemistry gradients. However, these studies were conducted in herbaceous
wetlands, which may be less resilient than forested wetlands to road salt inputs because forested
edges possibly reduce salt spray. Forest cover may also reduce the ability of invasive species to
establish as many wetland invaders require high-light environments (i.e., Phragmites australis;
Zedler and Kercher 2004). Our Indicator Species Analysis showed that invasive, annual, forbs
were most abundant in wetland edges, possibly due to the road acting as a source for invasive
propagules, but these invasives did not appear to be outcompeting native species. Nevertheless, if
salinity concentrations exceed 1 to 4 ppt, species whose germination and establishment is
suppressed may be competitively excluded by salt-tolerant invasives.
Environmental Relationships
Our RM wetland sites differed in plant community composition (Fig. 6b) suggesting site
or landscape level factors differentially affected regional RM forested wetland species pool and
species abundance. Hydrologic regimes vary across RM forested wetlands because A. rubrum is
a facultative wetland species (Golet et al. 1993), allowing it to dominate various portions of the
landscape (Abrams 1998). Our ordination analysis (Fig. 6b) highlights this among site variation
as RM wetlands with higher soil moisture and organic matter had different species composition
than drier sites with higher abundance of Vaccinium corymbosum and Clethra alnifolia
dominating wetter sites. Impervious cover in the watershed was another factor differentiating
community composition among our forested wetlands, which was positively correlated with soil
Zn and pH. Sites correlated with these factors had high abundance of Impatiens capensis and
Rosa palustris. Similarly, Houlahan et al. (2006) found impervious cover and related land use
metrics (i.e., developed land, road density) altered wetland community composition. Increased
impervious surfaces typically increase wetland pollutant loads (Faulkner 2004), which may
indicate why soil Zn was higher in our wetlands located in more developed watersheds, but we
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did not observe increased soil Na+ or EC at these sites. This may be because our study was
conducted in exurbia with low impervious cover, with our our maximum watershed impervious
cover 13%, just exceeding Schueler et al.’s (2009) 10 % impervious cover threshold for
impacting stream quality.

1.6 IMPLICATIONS
Our study suggests that even in exurban areas with low impervious surface cover, the
signature of road deicing salts on forested wetland soil and water chemistry persists months after
active road salt application, suggesting a legacy effect. While road salt-induced alterations of soil
chemistry were not associated with shifts in plant community composition, accumulation of soil
Na+ through cation exchange is associated with soil structure collapse and nutrient depletion;
thus chronic exposure will likely shift communities. Our results highlight that organic-rich soils
of forested wetlands can retain and store large amounts of Na+, but suggest that groundwater
recharge with chloride-laden surface waters may exacerbate groundwater salinization of regional
aquifers. Constructed-roadside wetlands may mitigate road salt effects, but relying on natural
wetlands to improve water quality may lead to landscape-level salinization of wetlands.
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1.8 TABLES AND FIGURES
a

b

c

Figure 1. (a) Focal nine red maple forested wetland study sites in eastern Connecticut where we
sampled soils and vegetation in 2017. For soils, we sampled in six distance-zones (0-15, 15-35,
35-60, 60-90, 90-125, 125-165 m) from the wetland edge. (b) For vegetation, we collapsed these
into three zones and (c) centered nested vegetation plots (n = 3 per zone) on a random subset of
the soil core locations.
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a

d

b

c

Figure 2. (a) Shannon’s Index, (b) maximum seedling density, and (c) final biomass (± 1 SE) at
end of seed bank experiment for salinity and exposure treatments. Shaded region demonstrates
the salinity threshold identified where seed bank responses are significantly reduced. (d) A violin
plot (blue-green) overlay of the frequency and distribution of field salinity measurements over
the course of 14 months from ground- and surface- wells from one of our sites (salinity ranged
from 0 to 0.4 ppt).
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Table 1. Three-way ANOVA seedbank results. Compares significance levels of the effects of
treatments and their interactions on plant responses (aboveground biomass (g), species richness,
maximum seedling density, and Shannon’s Index).
Biomass

Sp. Richness

Seedling Density

Shannon's Index

Effect

df

F

p

df

F

p

df

F

p

df

Salinity

5

45.3

***

5

114

***

5

24.3

***

5

45.3 ***

Water Level

1

0.2

NS

1

2.2

NS

1

6.7

*

1

5.3

*

Exposure

1

2.5

NS

1

13.4

***

1

2.9

•

1

2.1

NS

Salinity x Water Level

5

2.1

•

5

1.7

NS

5

0.3

NS

5

3.1

*

Salinity x Exposure

5

2.4

*

5

3.5

**

5

0.8

NS

5

1.0

NS

Water Level x Exposure

1

6.5

*

1

0.9

NS

1

5.7

*

1

1.3

NS

Salinity x Water Level x Exposure

5

1.3

NS

5

1.1

NS

5

1.0

NS

4

0.4

NS

NS

p > 0.10

•

p < 0.10

*

p < 0.05

**

p < 0.01

***

p < 0.001

F

p
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a

b

Figure 3. Key RM wetland soil parameters that varied with distance from wetland edge (near
road). (a) Soil EC and Na+ decreased with distance from wetland edge, while (b) soil base
cations (Ca2+ and Mg2+) increased. Data were averaged (± 1 SE) within each distance-zone
across sites (n = 9). EC was measured on a 1:2 diluted soil slurry.
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Table 2. Red maple wetland soil parameters (average ± 1 SE) by distance-zone across sites (n =
9). Linear mixed effects models indicated these parameters were not correlated with distance
from wetland edge, except for Zn*.
Soil Parameters

Distance from wetland edge (m)
0-15

15-35

35-60

60-90

90-125

125-165

C (%)

22.9 ± 4.6

25.1 ± 4.3

21.6 ± 3.9

24.7 ± 4.3

24.5 ± 4.8

25.2 ± 3.9

Cd (ppb)

10.2 ± 8.6

10.8 ± 6.6

18.9 ± 10.7

19.5 ± 11.3

2.4 ± 0.8

4.6 ± 2.8

Cu (ppb)

5.5 ± 2.3

7.7 ± 3.4

11.5 ± 4.7

21.6 ± 9.6

6.7 ± 4.1

11.8 ± 5.7

K (ppm)

197.2 ± 45.5

129.2 ± 20.5

157.9 ± 21.8

187.3 ± 36.7

186.8 ± 40.4

165.4 ± 32.7

N (%)

1.3 ± 0.3

1.6 ± 0.3

1.4 ± 0.2

1.6 ± 0.3

1.5 ± 0.3

1.6 ± 0.2

NH3 (mg/L)

1.5 ± 0.6

1.6 ± 0.5

1.6 ± 0.5

1.6 ± 0.5

1.7 ± 0.5

1.7 ± 0.6

Ni (ppb)

14.3 ± 3.2

18.9 ± 7.0

32.3 ± 11.4

24.2 ± 9.8

9.2 ± 2.4

11.4 ± 3.0

Nox (mg/L)

0.06 ± 0.03

0.04 ± 0.02

0.04 ± 0.01

0.03 ± 0.01

0.1 ± 0.04

0.04 ± 0.01

P (ppb)

370.6 ± 150.7

334.4 ± 95.7

365.5 ± 56.1

475.8 ± 77.8

299.4 ± 47.1

353.5 ± 52.0

Pb (ppb)

19.3 ± 9.1

16.4 ± 6.9

15.4 ± 7.1

24.5 ± 16.6

18.6 ± 7.3

19.0 ± 7.1

pH

5.6 ± 0.2

5.7 ± 0.2

5.7 ± 0.1

5.7 ± 0.20

5.6 ± 0.2

5.6 ± 0.2

Soil moisture (% vol)

401.5 ± 115.0

496.5 ± 100.5

405.0 ± 92.1

512.1 ± 109.0

474.6 ± 107.8

483.1 ± 84.2

Total N (mg/L)

1.6 ± 0.6

1.6 ± 0.5

1.7 ± 0.5

1.6 ± 0.5

1.7 ± 0.5

1.7 ± 0.6

Zn (ppb)*

13.7 ± 3.0

16.5 ± 3.3

17.4 ± 5.3

29.0 ± 11.5

18.5 ± 5.0

24.0 ± 7.7
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Figure 4. Water salinity (ppt) of surface- and ground- water over a 14-month period (February
2018 to April 2019) from a roadside red maple-dominated wetland in Coventry, CT. Hourly
salinity concentrations were averaged by day. Salinity trends are plotted with precipitation
trends- total daily snow (and ice) or rain from nearest weather station.
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+ discharge

- recharge

Figure 5. Vertical flow trends of our RM wetland well pairs (3 sites x 18 well pairs) across 6month period from May 2018 to November 2018. Well pairs are coded based on wetland edge or
wetland interior environments, but no distinct distance patterns are seen for vertical flow;
however seasonal patterns are seen.
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Table 3. Red maple wetland vegetation characteristics (mean ± 1 SE) by distance-zone across
sites (n = 9). Linear mixed effects models indicated that these parameters were not correlated
with distance from wetland edge. **Ground layer cover is average percent cover and shrub layer
cover is average stem density (# stems/50 m2).
Distance zone
Ground Layer
0-35
35-90
90-165
Shrub Layer
0-35
35-90
90-165

Richness

Evenness

Shannon’s Index

Simpson's Index

Cover

15.5 ± 1.1
15.6 ± 1.0
16.2 ± 1.0

0.7 ± 0.02
0.7 ± 0.02
0.7 ± 0.02

1.8 ± 0.1
1.8 ± 0.1
1.9 ± 0.1

0.7 ± 0.02
0.7 ± 0.02
0.7 ± 0.03

61.7 ± 3.7
62.9 ± 3.0
64.6 ± 3.8

4.6 ± 0.3
3.9 ± 0.3
4.9 ± 0.4

0.6 ± 0.04
0.6 ± 0.04
0.6 ± 0.04

0.9 ± 0.1
0.8 ± 0.1
1.0 ± 0.1

0.5 ± 0.04
0.4 ± 0.04
0.5 ± 0.04

56.2 ± 7.2
68.6 ± 8.1
77.0 ± 7.4
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a

b

Figure 6. Depictions of two primary axes resulting from 3-dimensional non-metric
multidimensional scaling ordination for 81 ground layer plots across nine red maple sites.
Ordination explained 75.6% of the variation in the data with axis 2 explaining 24.4 % and 3
explaining 34.8 %. (a) Ground layer community composition was not distinct among distancezones; however (b) composition was similar within wetland sites as evidenced by clustering
among sites. PERMANOVA results confirm distance zones are not significantly different, that
sites are. Vector overlays show environmental factors that correlated with ground layer
composition along the axes (R2 > 0.2).
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Figure 7. Acer rubrum and Symplocarpus foetidus foliage concentrations of Na+ and Mg2+ from
wetland edge (0 m) and wetland interior (~ 90 m) environments, averaged across three field sites
(± 1 SE). For each species and base cation, symbols compare leaf tissue concentrations between
distance comparisons. (NS: p > 0.10, •: p < 0.10, *: p < 0.05, **: p < 0.01, ***: p < 0.001).
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1.9 SUPPLEMENTAL TABLES AND FIGURES
Table 4. Results of the linear mixed effects analysis on soil parameters with distance as the fixed
effect and site as the random effect. Transformation to normalize the parameters are listed first
on the variable column.
Variable

Factor

Fixed effects estimate ± SE

df

t

p

Log NOx

Distance

0.001 ± 0.002

44.00

0.25

NS

Log NH3
Log Total N
Soil Moisture
Exp pH
Log EC

Distance
Distance
Distance
Distance
Distance

0.001 ± 0.001
0.000 ± 0.000
0.432 ± 0.378
-0.090 ± 0.218
-0.003 ± 0.001

44.00
44.00
43.96
43.97
44.00

1.09
0.70
1.14
-0.41
-2.71

NS
NS
NS
NS
**

Log K+

Distance

0.000 ± 0.000

44.00

0.16

NS

Log Ca2+

Distance

0.004 ± 0.001

44.00

2.87

**

Log Mg2+

Distance

0.003 ± 0.001

44.00

1.92

•

Log Na+
Log P
Sqrt Cu
Sqrt Zn
Log Cd
Sqrt Pb
Sqrt Ni
%N

Distance
Distance
Distance
Distance
Distance
Distance
Distance
Distance

-0.005 ± 0.002
0.001 ± 0.001
0.004 ± 0.005
0.007 ± 0.003
0.008 ± 0.019
0.003 ± 0.005
-0.008 ± 0.005
0.001 ± 0.001

44.00
42.32
42.11
42.06
42.17
42.09
42.08
44.00

-3.22
0.72
0.71
2.25
0.43
0.73
-1.63
1.08

**
NS
NS
*
NS
NS
NS
NS

%C

Distance

0.014 ± 0.016

44.00

0.86

NS

NS
•
*
**
***

p > 0.10
p < 0.10
p < 0.05
p < 0.01
p < 0.001
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Table 5. Atlantic white cedar wetland soil parameters (average ± 1 SE) by distance-zone across
sites (n = 9).
Soil Parameters

Distance from wetland edge (m)
0-15

15-35

35-60

60-90

90-125

125-165

C (%)
Ca (ppb)
EC (µS/cm)
K (ppm)
Mg (ppm)
N (%)
Na (ppm)

24.1 ± 6.9
1492.1 ± 592.9
80.8 ± 28.0
102.1 ± 36.6
178.8 ± 51.1
1.4 ± 0.4
276.8 ± 95.2

31.8 ±4.3
2162.3 ± 1026.9
104.5 ± 38.7
129.6 ± 30.2
260.8 ± 70.1
1.7 ± 0.2
421.4 ± 160.4

35.0 ± 4.1
2183.9 ± 609.6
71.8 ± 19.4
112.0 ± 21.1
282.0 ± 43.6
1.8 ± 0.2
326.3 ± 109.2

39.1 ± 1.2
3220.4 ± 893.0
66.7 ± 12.8
186.1 ± 32.5
453.7 ± 54.5
1.9 ± 0.2
388.7 ± 109.4

41.7 ± 1.1
3008.3 ± 1036.2
83.0 ± 25.2
178.0 ± 33.7
424.6 ± 75.1
1.9 ± 0.2
487.2 ±188.4

41.0 ± 0.7
3110.6 ± 1051.1
75.5 ± 32.6
220.2 ± 42.2
478.2 ± 83.0
1.9 ± 0.2
375.8 ± 170.1

NH3 (mg/L)

1.0 ± 0.4

0.9 ± 0.5

0.8 ± 0.4

1.4 ± 0.8

1.2 ± 0.5

1.1 ± 0.7

Nox (mg/L)
pH
Soil moisture (% vol)
Total N (mg/L)

0.04 ± 0.03
5.5 ± 0.2
502.6 ± 169.7
1.1 ± 0.4

0.04 ± 0.03
5.3 ± 0.4
623.7 ± 108.7
0.9 ± 0.5

0.01 ± 0.01
5.2 ± 0.4
802.3 ± 124.9
0.8 ± 0.4

0.02 ± 0.00
5.0 ± 0.3
882.3 ± 111.7
1.4 ± 0.8

0.01 ± 0.00
4.9 ± 0.4
947.3 ± 142.3
1.2 ± 0.5

0.01 ± 0.00
5.0 ± 0.3
985.2 ± 79.1
1.2 ± 0.7
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Table 6. Number of red maple sites at which each species occurred (n = 9) broken down by
stratum.
Species
Acer rubrum
Ageratina altissima
Alisma triviale
Alliaria petiolata
Alnus incana
Amelanchier canadensis
Angelica atropurpurea
Apios americana
Aralia nudicaulis
Arisaema triphyllum
Aronia arbutifolia
Aronia melanocarpa
Athyrium filix-femina
Berberis thunbergii
Betula alleghaniensis
Boehmeria cylindrica
Bolboschoenus fluviatilis
Cardamine pensylvanica
Carex bebbii
Carex crinita
Carex digitalis
Carex folliculata
Carex leptalea
Carex lupulina
Carex lurida
Carex ormostachya
Carex radiata
Carex stricta
Carpinus caroliniana
Celastrus orbiculatus
Cephalanthus occidentalis
Chamaecyparis thyoides
Chamaedaphne calyculata
Chrysosplenium americanum
Cicuta maculata
Cinna arundinacea
Circaea canadensis
Clethra alnifolia
Coptis trifolia
Cornus amomum
Cornus racemosa
Decodon verticillatus
Dichanthelium dichotomum

Ground

Shrub

Canopy

9
1
2
1
1
2
1
1
2
7
1
2
6
1
6
1
3
3
3
2
6
8
4
5
1
6
4
1
1
4
4
8
3
7
2
1
1
1
3

4
3
5
1
2
4
5
2
2
1
7
4
-

9
3
3
1
1
1
2
2
-

44

Diphasiastrum tristachyum
Dryopteris cristata
Eleocharis palustris
Epilobium coloratum
Eutrochium maculatum
Fraxinus pennsylvanica
Galium obtusum
Galium tinctorium
Galium triflorum
Geum canadense
Geum rivale
Glyceria striata
Hamamelis virginiana
Hydrocotyle americana
Ilex verticillata
Impatiens capensis
Iris versicolor
Juncus effusus
Leersia oryzoides
Lemna minor
Lilium superbum
Lindera benzoin
Liriodendron tulipifera
Lobelia cardinalis
Lonicera villosa
Lycopus uniflorus
Lycopus virginicus
Lyonia ligustrina
Maianthemum canadense
Maianthemum racemosum
Mikania scandens
Mitchella repens
Nuphar variegata
Nyssa sylvatica
Onoclea sensibilis
Osmunda cinnamomea
Osmunda regalis
Oxalis stricta
Packera aurea
Packera paupercula
Parthenocissus quinquefolia
Persicaria arifolia
Persicaria longiseta
Persicaria maculosa
Persicaria punctata
Persicaria sagittata

1
6
3
3
1
3
3
4
4
4
1
7
3
4
8
3
1
2
1
1
7
1
2
1
6
1
2
9
4
1
3
1
1
7
8
3
4
4
2
4
6
3
1
2
4

5
1
9
9
1
7
2
-

6
1
6
3
1
4
-
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Phalaris arundinacea
Phragmites australis
Pilea pumila
Pinus strobus
Platanthera sp.
Polystichum acrostichoides
Potentilla simplex
Pyrola americana
Quercus bicolor
Ranunculus caricetorum
Ranunculus recurvatus
Rhododendron viscosum
Rhus hirta
Rosa palustris
Rubus allegheniensis
Rubus hispidus
Rubus semisetosus
Rumex britannica
Sagittaria latifolia
Scirpus cyperinus
Scutellaria galericulata
Scutellaria lateriflora
Smilax rotundifolia
Solanum dulcamara
Solidago patula
Solidago rugosa
Sparganium americanum
Spiraea alba
Symphyotrichum lanceolatum
Symplocarpus foetidus
Thalictrum pubescens
Thelypteris noveboracensis
Thelypteris palustris
Thelypteris simulata
Toxicodendron radicans
Toxicodendron vernix
Triadenum sp.
Trientalis borealis
Ulmus americana
Unk. 1
Unk. 2
Unk. 3
Vaccinium corymbosum
Viburnum dentatum
Viburnum lentago
Viola sp.1

3
1
5
2
1
2
1
1
8
1
4
7
2
7
8
1
1
2
1
1
6
3
2
8
1
1
9
5
9
1
9
9
2
2
4
1
1
1
1
5
7
1
7

3
2
7
1
5
1
1
1
1
1
3
3
8
7
1
-

2
1
2
1
2
4
5
2
1
-
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Viola sp.2
Vitis labrusca
Woodwardia areolata

5
2

1
-

-
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Figure 8. Red maple forested wetland site 3772. Located in Pachaug State Forest, 41.67993,
-71.87086.
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Figure 9. Red maple forested wetland site 3228. Located on Town of South Windsor property,
41.82577, -72.57116.
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Figure 10. Red maple forested wetland site 3212. Located on Town of Coventry property,
41.75922, -72.27764.
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Figure 11. Red maple forested wetland site 3724. Located in Pachaug State Forest, 41.59908,
-71.9061.
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Figure 12. Red maple forested wetland site 3485. Located on Avalonia Conservancy property,
41.41858, -72.01704.
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Figure 13. Red maple forested wetland site 3109. Located in Gay City State Park, 41.71634,
-72.43555.
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Figure 14. Red maple forested wetland site 3989. Located in Natchaug State Forest, 41.87866,
-72.09994.
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Figure 15. Red maple forested wetland site 3061. Located in Salmon River State Forest,
41.67287, -72.39513.
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Figure 16. Red maple forested wetland site 3697. Located in Pachaug State Forest, 41.57498,
-71.85746.
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Figure 17. Atlantic white cedar forested wetland site Pomfret Cedar. Located on private property
in Pomfret, CT.
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Figure 18. Atlantic white cedar forested wetland site Evergreen Cemetery. Located on private
property in Plainfield, CT.
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Figure 19. Atlantic white cedar forested wetland site Windham Cedar Swamp. Located on
Joshua Trust land in Windham, CT.
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Figure 20. Atlantic white cedar forested wetland site Phoenixville. Located in Nachuag State
Forest in Eastford, CT.
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Figure 21. Atlantic white cedar forested wetland site Butts Bridge. Located on private property
in Canterbury, CT.
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Figure 22. Atlantic white cedar forested wetland site Church Hill. Located on Town of Ledyard
property in Ledyard, CT.
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